I. INTRODUCTION
Integration of multiple communication standards in a wireless system is becoming more and more common practice in order to effectively improve the portability of wireless communications devices. This has led to a growing demand for low profile miniature antennas with multiband operation. As a result, various types of antennas have been explored [1] - [7] .
Planar monopole antenna is often adopted to realize multiband operation, with various structures such as meandered T-shape [1] , flared shape with V-sleeve [2] , Y-shape [3] , and multi-fractal structure [4] . These antennas exhibit desirable characteristics including simple structure, low profile and weight, versatile structure for wide impedance bandwidth, and regular omnidirectional radiation patterns. However, the bulky size of such antennas can restrict their applications in compact portable wireless systems. So far, for size reduction, many slot structure based antennas [5] - [7] have been proposed. In [5] and [6] , antennas with multiple meandering slots are designed to generate multiple resonant modes. Combined with an L-probe feed, the use of U-slots can also yield dual-band and multiband characteristics [7] . These slot structure based antennas are much smaller than the traditional monopoles. But their structures are much more complex for practical applications. To overcome these limitations, we have implemented a novel antenna structure based on metamaterial technology with low profile, weight and simplicity in manufacturing accompanying desirable performance parameters including small electrical size, multiband performance and good radiation characteristics. Metamaterials (MTMs) are beginning to attract significant attention in the development of antennas due to their unique electromagnetic properties, such as anti-parallel phase and group velocities and zero propagation constant [8] . MTMs have been successfully exploited to develop small resonant antennas [9] - [11] . A dual-band MTM antenna for WiFi applications was shown in [12] and multiband MTM resonant antennas were shown to exhibit several left-handed modes in [13] . Although the resonant frequency of the MTM structure depends on the makeup of the composite right/left-handed (CRLH) transmission-lines (TL) unit-cell rather than the antenna's physical size, however, metamaterial antennas suffer from narrow bandwidths.
In this paper a novel multiband planar patch antenna is presented that is based on composite right/left-handed metamaterials unit-cells. The metamaterial unit-cell employed here is implemented using L-shaped slit that is etched directly onto the radiating patch with an inductive spiral which is grounded using a via-hole. The L-shaped slit behaves as a series left-handed capacitance, and the grounded spiral act as a left- [14] - [15] , the configuration of the unit-cell in the proposed antenna results in: (1) a higher operating bandwidth; (2) predominately omnidirectional radiation pattern in the Eplane and bi-directional in the H-plane, whereas the radiation patterns of antennas in [14] - [15] are uni-directional; and (3) comparable size using a lower dielectric constant substrate.
II. DESIGN METHODOLOGY
The geometry of the proposed antenna structure, shown in Table I . 
Standard microwave integrated circuit manufacturing 
The sign is negative in the LH frequency range, and positive in the RH range. The frequency of maximum attenuation, i.e.
resonance frequency, o can be derived from the roots of the derivative of the complex propagation constant in (1), thus
The phase velocity vp and group velocity vg can be derived from (1), which are given by:
In the purely LH case with LR = CR = 0, then from (4) and (5), vp = - 2 /L and vg =  2 /L, indicating that phase velocity associated with the direction of phase propagation is negative, whereas the group velocity associated with the direction of power flow is positive. The phase and group velocities are antiparallel. The CRLH unit-cell is engineered such that its physical size is smaller than the guided-wavelength. Under this condition the unit-cell is non-resonant. This property is exploited here to develop electrically small antenna that exhibits broad bandwidth.
Current density distribution over the antenna structure at various frequencies in its operating range, shown in Fig. 3, provides further insight on the antenna. It reveals the current distribution over the antenna is more intense at 3.25 GHz.
We have modeled the series capacitances and shunt inductances using L-shaped slits and spirals, respectively, in order to minimize the antenna dimensions. However, there is no restriction on the configuration of the slits and spirals employed.
Simulation analysis is necessary to determine the dimensions of the slits and spirals to enhance the antenna's impedance bandwidth and radiation characteristics. The structural parameters characterizing the antenna were optimized using 3D electromagnetic simulation tool, i.e. Ansys High Frequency Structure Simulator (HFSS). This information was then used to determine the equivalent electrical circuit model of the antenna, shown in Fig. 2 , using standard parameter extraction procedures available [16] , which was also verified using Keysight Unlike the conventional technique the proposed technique has minimal effect on the antenna size. The simulated and measured gain and radiation efficiency for the four unit-cell antenna is shown in Fig. 9 . There is good agreement between the measured and simulated results. The measured gain and efficiency are 3.7 dBi and 73 %, respectively, at 3.25 GHz. Table I were kept fixed.) . Simulated E-plane co-and cross-polarization radiation patterns at various spot frequencies within the operating frequency range of the antenna. Fig. 11 . Measured E-plane co-and cross-polarization radiation patterns at various spot frequencies within the operating frequency range of the antenna. Fig. 12 . Simulated H-plane co-and cross-polarization radiation patterns at various spot frequencies within the operating frequency range of the antenna. 
